The UDP-GlcNAc/MurNAc family of eukaryotic and prokaryotic enzymes use UDP-GlcNAc or UDP-MurNAc-pentapeptide as donors, dolichol-P or polyprenol-P as acceptors, and generate sugar-P-P-polyisoprenols. A series of six conserved sequences, designated A through F and ranging from 5 to 13 amino acid residues, has been identified in this family. To determine whether these conserved sequences are required for enzyme function, various mutations were examined in hamster UDP-GlcNAc:dolichol-P GlcNAc-1-P transferase (GPT). Scramble mutations of sequences B-F, generated by scrambling the residues within each sequence, demonstrated that each is important in GPT. While E and F scrambles appeared to prevent stable expression of GPT, scrambling of B-D resulted in GPT mutants that could be stably expressed and bound tunicamycin, but lacked enzymatic activity. Further, the C and D scramble mutants had an unexpected sorting defect. Replacement of sequences B-F with prokaryotic counterparts from either the B.subtilis mraY or E.coli rfe genes also affected GPT by preventing expression of the mutant protein (B, F) or inhibiting its enzymatic activity (C-E). For the C-E replacements, no acquisition of acceptor activity for polyprenol-P, the fully unsaturated natural bacterial acceptor, was detected. These studies show that the conserved sequences of the UDP-GlcNAc/MurNAc family are important, and that the eukaryotic and prokaryotic counterparts are not freely interchangeable. Since several mutants were efficiently expressed and bound tunicamycin, yet lacked enzymatic activity, the data are consistent with these sequences having a direct role in product formation.
Introduction
The identification of highly conserved sequences in an enzyme family can greatly facilitate the study of the structures and functions of the individual members. For example, such insights into type II glycosyltransferases of the Golgi apparatus have led to creative studies of enzyme function as well as to the cloning of new transferases. UDP-GlcNAc:dolichol-P GlcNAc-1-P transferase (GPT) is an endoplasmic reticulum glycosyltransferase which catalyzes the committed step of dolichol-linked oligosaccharide biosynthesis in eukaryotes, by transferring GlcNAc-1-P from UDP-GlcNAc to the C 95 polyisoprenoid acceptor lipid dolichol-P to yield GlcNAc-P-P-dolichol (Lehrman, 1991) . GPT is distinct from the type II transferases in that it has multiple transmembrane segments and a catalytic site which is oriented toward the cytosol (Dan et al., 1996 , and references cited therein).
This study was designed to test a hypothesis formulated by a Commentary in this journal, that a set of six conserved sequences (designated A-F) found in eukaryotic GPTs and in prokaryotic enzymes encoded by the mraY and rfe genes are important for enzyme function (Lehrman, 1994) . The bacterial enzymes use UDP-GlcNAc (rfe) or the structurally related UDP-MurNAcpentapeptide (mraY) as the donor, and transfer GlcNAc-1-P or MurNAc-1-P pentapeptide, respectively, to the acceptor lipid C 55 polyprenol-P (a polyisoprenoid lipid that differs from dolichol-P by unsaturation of the α-isoprene unit). Thus, the prokaryotic enzymes catalyze reactions analogous to those of the eukaryotic GPTs. However, it is clear that eukaryotic GPTs are much more effective with dolichol-P as acceptor compared with polyprenol-P, while the opposite is true for the rfe protein (Rush et al., 1997 , and references cited therein). In hamster GPT the conserved sequences occur at or near predicted membrane/water interfaces. This suggests roles in substrate binding and/or catalysis since the donor (UDP-GlcNAc) is highly polar while the acceptor (dolichol-P) is hydrophobic. Based on the sequence similarities, this group of enzymes has been termed the UDP-GlcNAc/MurNAc family (Lehrman, 1994) .
With the advent of successful genome sequencing efforts, the number of prokaryotic gene products that have been identified with these sequences has increased substantially since the initial report (Table I ). The list now includes several gene products, other than mraY or rfe, of unknown or ambiguous function. However, with the exception of some recently published data from this laboratory on a GPT mutant affecting sequence B (Dan and Lehrman 1997) , there has been no experimental confirmation that these sequences are necessary for the function(s) of any of the members of the UDP-GlcNAc/MurNAc family. Sequences B-F are of particular interest because they are clustered within a stretch of ∼150 residues (Lehrman, 1994) . In this report the effects of mutations of these sequences in hamster GPT are examined. To aid the reader, "scramble" mutations in GPT will be denoted in the text with a superscript "s," and "replacement" mutations will be denoted with a superscript "r." only minimal alteration of the amino acid composition (Table II) . Each mutant enzyme was assessed in vitro by GPT activity assays and immunoblots after transient transfection in COS-6 cells and stable transfection in CHO-K1 cells, as well as by the ability to confer resistance to the specific inhibitor tunicamycin (Tn) in vivo in stable transfectants. Cellular resistance to Tn is caused primarily by the ability of GPT to "buffer" Tn (Dan et al., 1996) rather than a compensatory increase of enzyme activity. Tn binding does not require a catalytically functional enzyme. Therefore, Tn resistance can be used to assess folding of mutant forms of GPT, independent of catalytic activity. The number of the first residue of each peptide is listed. Use of three uppercase letters indicates residues identical in at least 50% of the sequences. One uppercase letter indicates similar residues. No uppercase letters indicates dissimilar residues. For each consensus (in boldface): H = strongly hydrophobic, S = small side chain (weakly hydrophobic or weakly polar), and X = any amino acid. The underline (used only for H-GPT) denotes a proposed hydrophobic transmembrane segment (see Zhu and Lehrman 1990) , and "|" indicates a border between a hydrophobic and a hydrophilic segment. GenBank accession numbers are in square brackets next to the sequence names. Note that Ec-rfe [M76129] contains a potential in-frame upstream initiator codon GUG, which normally encodes valine but can also encode an initiator methionine, at nt 324 of its 5′ untranslated region. Translation from this codon yields a longer open reading (Ec-rfe′) that has apparent matches for sequences C and D in addition to matches for E and F already noted for Ec-rfe. Hamster GPT was scrambled in each of five sequences as indicated, and transfected transiently in COS-6 or stably into CHO-K1 cells. GPT activities were performed in duplicate. The results are expressed as fold-change with respect to the vector control with the percent standard error given in parentheses. The actual activities for vector transfectants were 639 c.p.m. ± 8% (COS) and 1520 c.p.m. ± 7% (CHO). The actual activites for normal GPT were 1843 c.p.m. ± 5% (COS) and 5508 c.p.m. ± 10% (CHO). For stable transfectants growth was tested in 2-fold increases of tunicamycin (Tn), and the Tn resistance was determined as the highest concentration that did not inhibit growth of the cells. For cells with appreciable Tn resistance above vector controls (that is, greater than 0.5 µg/ml), indicating expression of properly folded enzyme, Tn resistance was used to normalize the GPT activity (final column). This calculation was corrected for the contribution of endogenous enzyme by subtracting 0.5 from the Tn resistance value and by subtracting 1.0 from the fold-increase of enzyme activity. Thus, normal transfected enzyme had a value of 0.35. A zero in parentheses indicates a GPT mutant that conferred resistance to Tn, but had no significant enzyme activity. This method of analysis was described earlier in detail (Dan et al., 1996) . All five scramble mutations eliminated detectable GPT activity in microsomes from transfected COS and CHO cells (Table II) . These mutants could be divided into two groups. For three mutants (B s , C s , D s ), expression was verified in CHO cells by Tn resistance (Table II) and in COS (data not shown) and CHO cells (Figure 1 ) by detection on immunoblots. Thus, the B s , C s , and D s mutants were properly folded but catalytically inactive. The two other mutants, E s and F s , were expressed weakly in COS (data not shown) and CHO (Figure 1 ) transfectants as judged by immunoblotting. However, in contrast to B s -D s , they did not confer resistance to Tn (Table II) . It was not clear whether this was due to malfolding, toxicity of the mutant proteins, or a direct effect on the Tn binding site.
Sequences B-F were also analyzed with these single mutations at highly conserved residues: R123N and K125N (sequence B), L137A and Y140L (sequence C), D164N and Y169V (sequence D), N182S and N185S (sequence E), and F249L and D252N (sequence F). After stable transfection into CHO cells and normalization of enzyme assay data to Tn resistance, no mutation resulted in a loss of more than half of the enzymatic activity (data not shown). The inability of single mutations at these highly conserved residues to inhibit activity strongly is considered in the Discussion.
Abnormal sorting of the C s and D s mutants
Immunoblots of microsomes repeatedly suggested that the signals for the C s and D s scramble mutants were weaker than for normal GPT or the B s scramble mutant (Figure 1) , even though the corresponding transfectants had similar resistance to Tn (6-10 µg/ml; Table II ). Since GPT spans the ER membrane multiple times and would not be expected to exist freely in the aqueous phase, such results could be explained if the C s and D s mutants proteins had mis-sorted to another membranous organelle in which they could still buffer Tn and protect the cell. Table II were characterized by immunoblot analysis, with an antibody directed against residues 42-56, as described previously (Zhu et al., 1992) . Included for comparison are untransfected CHO cells (control) and cells transfected with normal GPT. Note that an empty well between samples E and F was electronically excised from the image.
Furthermore, CHO microsomes used for immunoblot analysis are recovered from a 1000 × g supernatant fraction by centrifugation at 100,000 × g. Thus, the possibility was raised that the C s and D s mutants mis-sorted to an organelle that sedimented at 1000 × g, most likely the nucleus.
The localization of the C s and D s mutants was investigated by confocal immunofluorescence microscopy with an antibody specific for residues 42-56 (cytosolic loop 1/2) as done earlier (Dan et al., 1996) . As expected, the endogenous level of GPT was not detectable in untransfected CHO cells (Figure 2 ), whereas both transfected normal GPT (Figure 2 ) and the B s mutant (data not shown) gave a typical ER fluorescence pattern. This pattern is equivalent to that obtained by staining for the ER chaperone BiP (Dan et al., 1996) . In contrast, immunofluorescence of both the C s (data not shown) and D s mutants (Figure 2 ) revealed staining of the nuclear matrix with little staining of the ER. By adjusting the confocal microscope in multiple focal planes, uniform staining throughout the matrix was observed with no apparent staining of the nuclear membrane. By comparison, overexpressed normal GPT (Zhu et al., 1992) can sometimes be found in the nuclear membrane but not the matrix.
Attempts to identify the C s and D s mutants on immunoblots of 1000 × g pellets were not successful (data not shown; see Discussion). To demonstrate the depletion of the C s and D s mutants from microsomes independently, an assay was developed to detect such GPT mutants as Tn binding proteins in 100,000 × g microsomal samples. This assay took advantage of the ability of enzymatically inactive GPT mutants to buffer Tn in vitro and lessen the inhibition of normal GPT by Tn. Thus, 10 µg microsomal membrane protein from a CHO transfectant overexpressing active GPT (see Table II ) was assayed in the absence or presence of 20 µg of microsomal membrane protein from CHO cells stably transfected with GPT mutations B s -E s , with either 0 or 5 ng/ml Tn (Figure 3) . Experiments with 10 ng/ml Tn gave results similar to those with 5 ng/ml Tn (data not shown). The endogenous GPT in 20 µg mutant microsomes did not appreciably alter the total GPT activity in the experiment, most of which was due to the overexpressed GPT in the 10 µg of microsomes from the normal transfectant. In all cases Tn reduced the total GPT activity. However, the presence of Tn buffering activity could be detected by the ability of certain mutant membrane preparations to increase relative GPT activity in the presence of Table II for the properties of these cells. Cells were fixed, permeabilized with Triton X-100, and characterized by indirect immunofluorescence confocal microscopy exactly as described earlier (Dan et al., 1996) using an anti-peptide polyclonal antibody specific for residues 42-56 of GPT. Staining of each cell with nonimmune antibody gave a background pattern equivalent to that shown in the figure for untransfected CHO cells with residue 42-56 antibody (data not shown). As described in the text, examination of the GPT-D cells in multiple focal plains consistently revealed nuclear matrix staining. All three panels were generated under identical microscopic and photographic conditions for direct comparison. Table II) were incubated in standard assay buffer (Lehrman et al., 1988) in the absence (left panel) or presence (right panel) of 5 ng/ml Tn for 10 min at room temperature. Similar results were obtained with 10 ng/ml Tn (data not shown). Then, 10 µg samples of microsomal membrane protein from GPT-overexpressing cells and UDP-[ 3 H]GlcNAc were added, and the assay was continued as described (Lehrman et al., 1988) for 30 min at 37_C. In each case, the activity of 10 µg microsomal membranes from the overexpressing "normal GPT" transfectant in the presence of 20 µg mutant microsomal membranes was divided by the activity of the 10 µg of overexpressing "normal GPT" microsomal membranes alone. The averaged results (±SE) of determinations done in two separate experiments are shown. Under these conditions the activity of 10 µg microsomes in the absence of mutant microsomes was inhibited 90% by 5 ng/ml Tn.
Tn (right panel) compared to the absence of Tn (left panel). As expected, microsomes from B s mutant cells conferred substantial resistance to Tn, and microsomes from the E s mutant had no effect. Further, in accord with the results of Figure 2 , microsomes from cells harboring the C s and D s mutants were as ineffective as E s mutant microsomes although the C s and D s cells were highly resistant to Tn.
Taken together, the results of Figures 2 and 3 suggest that the weak detection of the C s and D s mutants on immunoblots of microsomal fractions was due to abnormal sorting. However, this abnormality did not hinder the ability of these mutants to confer resistance to Tn in intact cells. The possible relevance of this observation is considered under the Discussion.
Replacement of the B-F sequences with corresponding sequences from bacterial homologs
If these sequences serve identical functions in eukaryotic and prokaryotic enzymes they should be freely interchangeable. Conversely, if they serve distinct functions such as the recognition of dolichol-P (eukaryotes) vs. polyprenol-P (prokaryotes), they should not be interchangeable. The E.coli rfe protein seemed to be a better candidate than the mraY protein for sequence replacements with hamster GPT since the rfe reaction product, GlcNAc-P-P-polyprenol, had a closer structural similarity to the product of GPT, GlcNAc-P-P-dolichol. However, E.coli rfe lacked sequences similar to B-D. Therefore, the E r and F r replacements were made from E.coli rfe protein, and the B r -D r replacements were made from the B.subtilis mraY protein, exactly as indicated by Table I. For reasons which remain unclear, the B r and F r replacements could not be expressed (data not shown). In contrast, good expression of the C r , D r , and E r replacements was achieved with both transient (data not shown) and stable (Figure 4 ) transfectants as judged with immunoblots, and in stable transfectants by resistance to Tn, indicative of correct folding. However, the C r , D r , and E r replacements had little or no enzyme activity when assayed in intact membranes with endogenous dolichol phosphate as the acceptor (Figure 4) . Thus, the hamster sequences were not freely interchangeable with bacterial counterparts.
To account for the loss of enzyme activity for the C r , D r , and E r replacements, the possibility was considered that the switch to bacterial sequences may have caused the enzyme to change its acceptor preference from dolichol-P to polyprenol-P. Therefore, assays were performed with NP-40 in the presence of exogenously added dolichol-P or polyprenol-P. While 0.1% (w/v) NP-40 is typically used to assay normal GPT with exogenous dolichol-P (Dan et al., 1996) , 0.04% (w/v) NP-40 was used to test the C r -E r replacements since this concentration was more effective for polyprenol-P ( Figure 5A ). In accord with the results of Figure 4 , the C r -E r replacements were inactive with various concentrations of dolichol-P as acceptor (data not shown). The C r and E r replacements also exhibited detergent-dependent dominant-negative inhibition of the type described earlier (data not shown) (Dan and Lehrman 1997) . Further, comparisons of the ratios of activities with polyprenol-P to dolichol-P at various acceptor concentrations revealed no acquisition of a preference for polyprenol-P, such as shown in Figure 5B . Therefore, polyisoprenol-P binding could not be solely attributed to sequences C, D, or E. To determine optimal detergent concentrations, GPT assays with various concentrations of NP-40 (percent w/v) were performed as described previously (Dan et al., 1996) with 20 µg microsomal membrane protein from the "normal" transfectant of Figure 4 and 5 µg exogenous acceptor, either dolichol-P (C 85-105 ; squares), dolichol-P (C 55 ; diamonds), or polyprenol-P (C 55 ; circles). Assays without exogenous acceptor are also shown (triangles). (B) Assays were performed with the vector and replacement transfectants shown in Figure 4 as described for (A), with 0.04% (w/v) NP-40. The ratios of activities with polyprenol-P (C 55 ) to dolichol-P (C 55 ) are shown. The vector transfectant, rather than the normal transfectant, was used for this comparison; as shown in Figure 4 its total activity was much more similar to the activities of the replacement transfectants. In separate experiments (data not shown), the normal transfectant gave similar results.
Discussion
These studies were performed to determine whether the B -F sequences of hamster GPT, which are conserved with other members of the UDP-GlcNAc/MurNAc family, are important for function. By designing both scramble and bacterial replacement mutations within hamster GPT, we found that sequences B-E were necessary for function. Both strategies produced C and D mutant enzymes that were expressed well and could bind Tn, but lacked enzymatic activity. In the cases of the B and E sequences only one strategy produced a stably expressed protein that was catalytically inactive. The reason for this is not clear. Since neither strategy produced an F mutant that could be stably expressed, it remains to be seen whether the F sequence has a functional role. However, since the F sequence is the longest and most broadly conserved of the sequences (Table I) , an important role is likely. In these studies we chose not to characterize the A sequence as it was the most weakly conserved sequence, and its position in GPT was distant from the other sequences (Lehrman, 1994) .
The most likely roles for these sequences are in either substrate binding or formation of the pyrophosphate linkage. Bacterial replacement mutations for any sequences involved in acceptor substrate binding would be expected to alter GPT activity, since the eukaryotic and prokaryotic enzymes normally use different acceptors. A similar argument can be made for donor substrate binding in the case of the B r , C r , and D r mutants, as these were based on the sequence of B.subtilis mraY which uses UDP-MurNAc-pentapeptide. However, since both GPT and E.coli rfe use UDP-GlcNAc, the inactivity of the E r mutant suggests that the E sequence is not involved in nucleotide-sugar binding.
Since neither the C r , D r , nor E r mutants acquired activity for polyprenol-P (Figure 5 ), these sequences do not appear to have sole responsibility for determination of acceptor specificity. However, the data do not rule out the possibility that together and/or in combination with B and F, these sequences might govern the preference for dolichol-P or polyprenol-P. Since these sequences are predicted to be at membrane/water interfaces and may all be on the same side of the membrane (Dan et al., 1996) , it is possible that the membrane spans that bear them may be in close proximity, allowing the sequences to form a functional pocket for acceptor binding. Thus, multiple blocks of amino acids could be involved, and each block may be necessary but not sufficient. This scenario may also explain why the various single amino acid replacements had modest effects on activity; in each case the remaining amino acids in the pocket would be able to mediate acceptor binding. Experiments are in progress to test hamster GPT mutants with multiple bacterial replacements to determine whether this is indeed the case.
The C s and D s mutants mis-sorted, apparently to the nucleus. Since the ER is contiguous with the nuclear membrane, mislocalization to the nucleus is not unexpected. Indeed, it is normal to observe GPT in the nuclear envelope when overexpressed (Zhu et al., 1992) . GPT is a highly hydrophobic protein that crosses the membrane multiple times, and is unlikely to exist freely in the aqueous phase (Dan et al., 1996) . Thus, detection of the C s and D s mutants in the nuclear matrix by fluorescence microscopy (with an antibody specific for residues 42-56 of cytoplasmic loop 1/2) was unexpected, since the nuclear matrix is not known to contain membranous structures.
By analogy to the well-known mechanism for cleavage of the SREBP precursor in the ER membrane to yield a soluble cytoplasmic fragment that enters the nucleus (Brown and Goldstein 1997) , we considered the possibility that a soluble fragment of GPT containing residues 42-56 was cleaved from the C s and D s mutants. Since this epitope is on a cytoplasmic loop of ∼25 amino acids (Dan et al., 1996) , such a fragment would be small enough to enter the nucleus without a nuclear localization signal. Presumably the rest of the GPT polypeptide would remain membrane-associated, possibly in the nuclear membrane, and still bind tunicamycin. However, we were unable to detect any relevant proteolytic fragments of the C s and D s mutants in either the 1000 × g or 100,000 × g fractions, with antibodies directed against amino acids 42-56, 397-408 (lumenal C-terminus), or a FLAG tag attached to the C-terminus (data not shown). Nonetheless, the results with the C s and D s mutants may indicate proteolytic release of loop 1/2. Such a mechanism might have no physiological significance, and could result from unregulated cleavage of the mutant protein. However, given what is known about SREBP, we considered a model in which GPT served as a regulatory sensor for dolichol-P levels in addition to its role in GlcNAc-P-P-dolichol synthesis. In this model, if the C s and D s mutations had prevented dolichol-P binding, such mutations would simulate conditions of cellular dolichol-P depletion. By analogy to SREBP precursor, which is cleaved to release SREBP when cellular cholesterol levels are low, it seemed possible that a soluble peptide derived from loop 1/2 of GPT might represent a nuclear regulatory factor designed to boost levels of dolichol-P biosynthetic enzymes. To explore this, dolichol-P biosynthesis in the C s and D s mutants was examined by labeling with [ 3 H]mevalonate. The results did not, however, indicate any elevation of dolichol-P biosynthetic rates or steady-state levels (D. Crick and C. J. Waechter, personal communication).
In summary, the conserved sequences of the UDP-GlcNAc/ MurNAc family are essential in hamster GPT, and they are not freely interchangeable with prokaryotic counterparts. Thus, the weakly conserved residues are important. Since a number of the mutants were efficiently expressed and folded, the data are consistent with these sequences having roles in product formation.
Materials and methods

Materials
UDP-[ 3 H]GlcNAc (26 Ci/mmol) was from DuPont. Muta-Gene 2 kits were from Bio-Rad. Geneticin (G418-sulfate) and powdered cell culture media were from Life Technologies, formerly Gibco/ BRL. Serum was from Atlanta Biologicals. Citifluor glycerol was purchased from Ted Pella, Inc. Various enzymes required for manipulation of recombinant DNA were from New England Biolabs, Fisher Scientific, or Boehringer-Mannheim. FITC-labeled antibodies used for immunofluorescence microscopy were obtained from Sigma (goat anti-rabbit IgG, cat. #F-9887). Dolichol-P (C 85-105 ) was from Sigma, and dolichol-P (C 55 ) and polyprenol-P (C 55 ) were gifts of Dr. Charles Waechter, University of Kentucky.
Cell culture
CHO-K1 cells were normally maintained in Ham's F-12 medium buffered at pH 7.2 with 15 mM Na-HEPES with 2 % fetal bovine serum and 8 % calf serum as described previously (Lehrman et al., 1988) . COS-6 cells were cultured in DME medium containing 10% fetal bovine serum.
Transient and stable transfection
Stable transfection of normal GPT cDNA and various mutants in plasmid pJB20 (which contains a G418-resistance marker) (Slonina et al., 1993) was performed by the calcium phosphate procedure as described earlier (Zhu et al., 1992) . Stable transfectants were selected with either 1 mg/ml Geneticin or 1 µg/ml Tn (Sigma #T7765) (Dan et al., 1996) ; after initial selections with 1 µg/ml Tn, individual colonies were screened with higher concentrations of Tn to obtain the highest expressers as described in detail (Dan et al., 1996) . Stable transfectants were subcloned by limiting dilution. Transient transfection of COS-6 cells by a minor modification of the DEAE dextran method (Zhu and Lehrman, 1990 ) was also performed with cDNA subcloned into pJB20.
Oligonucleotide-directed mutagenesis
Mutagenesis of the 1.6 kb EcoRI-PstI hamster GPT cDNA fragment in pTZ18U was conducted with the Muta-Gene 2 kit and various mutagenic oligonucleotides ranging from 28 to 36 nt in length, with an essential modification as described previously (Datta and Lehrman 1993) . As these methods are now standard, the sequences of the 20 oligonucleotides used in this study are not presented here. The correct orientation and sequence of each mutant was confirmed by standard DNA sequencing methods. When practical, unique restriction sites were also introduced to facilitate mutant screening.
Other methods
The following standard methods used in this study have been described previously: microsomal membrane preparation (Lehrman et al., 1988) ; membrane protein concentration determination (Lehrman et al., 1988) ; GPT assays with UDP-[ 3 H]GlcNAc, either with intact membranes using endogenous acceptor, or with detergent-treated membranes and exogenous acceptor (Dan et al., 1996) ; indirect immunofluorescence confocal microscopy with cells permeabilized with Triton X-100 (Dan et al., 1996) ; and immunoblot analysis (Zhu et al., 1992) .
